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The direct-to-biology (D2B) approach enables biological screening
of crude reaction mixtures, eliminating the need for purification
steps and thereby accelerating drug discovery. In this study, we
developed a miniaturized D2B platform for the rapid synthesis
of proteolysis targeting chimera (PROTAC) degraders of soluble
epoxide hydrolase (sEH). We used copper-catalyzed azide—alkyne
cycloaddition and optimized the conditions for 384-well PCR plate
applications with 10 pL reaction volumes on a 300 nmol scale. This
approach enabled the D2B synthesis of 92 crude PROTACs from
azide-functionalized CRBN-ligands and alkyne-linked sEH inhibitors.
Biological screening using a HiBiT lytic degradation assay identified
two hits that were resynthesized and exhibited subnanomolar DCsg
values and degradation efficacy (Dpmay). Thus, we established a scal-
able, cost-effective and time-saving D2B platform for the discovery of
PROTACs in very small quantities. This methodology is particularly
suitable for early-stage screening and hit validation assessing the
degradability of a target.

Acceleration of the drug discovery process while ensuring reliability
remains a central challenge in medicinal chemistry. One increas-
ingly adopted solution, particularly within the pharmaceutical
industry,' is the direct-to-biology (D2B) approach. This strategy
involves evaluating crude reaction mixtures directly in biological
assays, eliminating the need for purification steps. This technique
dramatically reduces time and resource consumption by enabling
fast hit identification, bypassing labour-intensive purification steps,
and streamlining the screening workflow. The D2B approach is
particularly well suited for the synthesis of proteolysis targeting
chimeras (PROTACs). PROTACs are heterobifunctional modalities
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that bind to a protein of interest and a E3 ligase to induce
degradation of the protein of interest. In PROTAC discovery, hit
identification requires a high synthetic effort with limited oppor-
tunities for rational design due to the complex nature of PROTAC
development.* Fast biological testing of the synthesized PROTACs
is enabled by the HiBiT technology which allows for high through-
put screening for degradation,® avoiding time consuming techni-
ques such as Western blotting or ELISA. The efficiency of D2B
workflows is further enhanced by miniaturization of chemical
reactions, which brings significant benefits such as reduced
chemical waste, lower consumption of valuable starting materials
and the ability to run high-throughput reactions in parallel in a
plate-based format. These improvements accelerate the early stage
of hit discovery while maintaining sustainability and cost effi-
ciency. To date, most D2B platforms are based on amide coupling,
as this reaction is reliable and typically results in high yields.™
Another simple and robust reaction is the copper-catalysed azide-
alkyne cycloaddition (CuAAC, click chemistry), which is ideal for
D2B applications as it has a high atom economy, tolerates a broad
range of functional groups and requires no extremely hazardous
reagents and no heating.® In 2017, Wurz and coworkers demon-
strated a click chemistry platform for the synthesis of PROTACs
(0.1 mmol scale), in which the PROTACs were evaluated for
degradation after purification.” Che and colleagues have recently
shown that click chemistry is suitable for automated synthesis in 1
mL reaction volume within a D2B approach.® The present study
aims at scaling down this procedure even further and optimizing
the click reaction for 10 pL reaction volume and a nanomole scale.
To evaluate the utility of our platform, we selected soluble epoxide
hydrolase (sEH) as a model target due to its therapeutic relevance
in the context of inflammation-related diseases® and the availabil-
ity of an in-house degradation assay utilizing HiBiT technology.’
SsEH comprises a C-terminal epoxide hydrolase domain and a
structurally distinct N-terminal lipid phosphatase domain, both of
which can be concurrently eliminated via PROTAC-mediated tar-
geted protein degradation.” Notably, Peyman et al. demonstrated
that an sEH-targeting PROTAC effectively reduces endoplasmic
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Scheme 1 Detailed presentation of the structures of the library. Top:
chemical structures of alkyne-functionalized sEH ligands A1-A4. Bottom:
chemical structures of azide-functionalized CRBN ligands N1-N23.

reticulum (ER) stress and inflammatory markers in hepatic cells
and murine liver tissue.""

In a previous study, we developed sEH PROTACs using
conventional combinatorial chemistry and showed that
CRBN-based PROTAGC:s effectively target sEH.'® This time, how-
ever, we aim to take a direct-to-biology approach using a more
diverse set of alkynes and azides, in contrast to our previous

Table 1 Optimization study of the CUAAC in small volumes
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study where each PROTAC was first purified before testing. Build-
ing on this, we focused on CRBN-targeting ligands and acquired a
library of 23 azides (3 pmol each) from Enamine (Scheme 1).
Guided by reported sEH PROTACs and sEH inhibitor crystal
structures, we designed four sEH inhibitors with terminal alkynes
oriented toward the solvent to enable click coupling with the azide
library. We targeted the C-terminal epoxide hydrolase domain
(sEH-H), known for its well-characterized and accessible binding
site. We chose the sEH-H inhibitors t-TUCB and FL217, as these
ligands were already successfully used for PROTAC design'®"* a
well as GSK2256294, which is a highly potent sEH-H ligand w1th
excellent pharmacokinetic properties."® For the exit of the short
branch of the binding pocket, the FL217-based ligand A1 and the
GSK2256294-based ligand A2 were selected, while the t-TUCB-
based ligands A3 and A4 were designed to address the exit of
the long branch (Scheme 1). For the optimization studies, we
chose the reaction of sEH ligand A1 with Pomalidomide-PEG5-
azide (N24) or Thalidomide-O-amido-PEG4 (N25) to PROTAC P1 or
P2, respectively, which has been successful in our previous study."”
Using Cul in dichloromethane gave poor conversion (Table 1,
entry 1). Switching to CuSO;-5 H,O with sodium ascorbate
improved the results (entries 2 and 3), and further optimization
with a DMF/water mix gave high conversion rates and good yields
(entry 5). To avoid the hazardous solvent DMF, we opted for
DMSO, a safer, biocompatible solvent whose high boiling point
minimizes concentration fluctuations in plate-based reactions.
Using the optimized conditions, we downscaled the reaction to
50 pL in a 96-well plate with 60 mM ligand A1, resulting in
moderate conversion rates (Table 1, entry 7). Switching to a 384-
well plate at the same volume restored high conversion, likely due
to better solvent surface area (entry 8). Further testing confirmed
that the CuAAC reaction is highly concentration-dependent, as
reported by Hashimoto et al.'* Lower reactant concentrations
decreased the conversion rates (Fig. S1A), so we used 60 or 30 mM
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50 uL 50-10 pL 10 L
1300 pL 60 mM 60-30 mM 30mM
60 mM
No N Eq. Azide Cu(1) source Additive uL Solvent Time Conv. Yield
1 2 1.05 0.2 eq Cul 0.4 eq DIPEA, 0.4 eq HOAc 1000 CH,Cl, 2h 58:42 20%
2 2 1.05 0.1 eq CuSO,-5H,0 0.1 eq ascorbate, 0.1 eq PhCO,H 1000 ‘BuOH:H,0 1:2 2h 50:50 25%
3 2 1.20 0.1 eq CuS0O,4-5H,0 0.4 eq ascorbate 1600 ‘BuOH:H,0 1:1 24 h 10:90 45%
4 2 1.10 0.3 eq CuSO4-5H,0 0.3 eq ascorbate 1300 DMF:H,0 4:1 16 h 2:98 45%
5 4 1.10 0.3 eq CuSO,4-5H,0 0.3 eq ascorbate 1300 DMF:H,04:1 16 h 2:98 42%
6 4 1.00 0.3 eq CuS0O,-5H,0 0.3 eq ascorbate 50 DMF:H,0 4:1 16 h 2:98 49%
7¢ 5 1.00 0.3 eq CuSO,4-5H,0 0.3 eq ascorbate 50 DMSO:H,0 4:1 16 h 17:83 —
g’ 5 1.00 0.3 eq CuSO,-5H,0 0.3 eq ascorbate 50 DMSO:H,0 4:1 16 h 2:98 —
@ 96-well plate. ? 384-well plate.
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(relative to starting material) and reduced the reaction volume in
384-well plates for better mixing. V-shaped wells improved the
conversion rates compared to flat-bottomed plates (Fig. S1B
and C). High conversion (97-98%) was achieved at 5-10 pL
volumes with 150-300 nmol alkyne/azide (Fig. S1C). To test the
robustness of the system, we ran the reaction at least three times
for each volume and found that conversion rates were more
variable when using a 5 pL reaction volume (Fig. S2D).

In parallel, we tested the crude reaction mixtures of our
model system (PROTAC P2) with our optimized conditions (3 h
and 18 h incubation, 300 nM PROTAC/crude) in our previously
reported HiBiT lytic assay system (Fig. S1E)." In this cell-based
assay, bioluminescence is used to measure the degradation of
sEH. The sEH protein is tagged with a small peptide fragment
of Nanoluciferase (NanoLuc) called HiBiT. With addition of the
LgBiT peptide, which marks the residual scaffold of NanoLuc,
and the substrate, bioluminescence is generated. The more
sEH is degraded, the less bioluminescence is detected. We
observed reduced degradation of SEH by PROTACs tested with
lower conversion rates, most likely because unreacted alkyne
competes with the lower concentrations of PROTAC for sEH
binding. To assess potential cytotoxicity, we tested the copper
sulfate/ascorbate system at assay concentrations and observed
only minor luminescence changes (< 5%; Fig. S1E) and no effect
on cell viability (Fig. S2). With the optimized reaction conditions
in hand, we performed the parallel synthesis of 92 PROTACs from
the sEH ligands functionalized with an alkyne A1-A4 and the
purchased azide library (Scheme 1). We prepared DMSO stock
solutions for the azide- and alkyne-functionalized ligands and
water stock solutions for CuSO,-5 H,O and sodium ascorbate.
The respective volumes of azide, alkyne, copper(i) source and
reducing agent were added to the 384-well PCR plate and the
plate was sealed with aluminum foil. The plate was shaken
overnight on a plate shaker, and 1 pL of each reaction mixture
was used to determine the conversion (HPLC-MS). Another 1 pL
of the crudes was used to prepare the stocks for biological
evaluation. In this setup, we observed a mean conversion of
85%, with the lowest conversion being 28%. We tested all crude
samples with a 300 nM concentration in the HiBiT lytic assay, as
this was an effective PROTAC concentration in our previous
study, and were able to detect degradation of sEH screening
the crude reaction mixtures (Fig. 1A-D). As a hit threshold, we
chose a degradation of at least 50%. To confirm reproducibility,
we re-tested the synthesized click library in the HiBiT assay and
observed the same degradation pattern and hits.

We then repeated the click reaction using A1 and A3 (since
A2 and A4 yielded no hits), resulting in a slightly lower median
conversion of 77% (Fig. S3). This is due to the two azides not
being transferred to the reaction plate, leading to only the
alkynes being detectable in the HPLC traces. Excluding these,
the average conversion was 82%, matching the initial experi-
ment. We were able to confirm the identified hits in the HiBiT
lytic assay as before. We obtained two hits with only one sEH
scaffold (A3). PROTACs P3 and P4, which are combinations of
sEH ligand A3 and N23, a lenalidomide-derived CRBN ligand
with a short alkyl chain as the linker, and N17, a pomalidomide
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Fig. 1 (A)—(D) Degradation activities of the crude mixtures in a HiBiT lytic

assay. Cells were treated with 300 nM of the crude mixtures for 18 h (n = 2
in triplicates, error bars in standard deviation (SD)); (E) structure of hit
PROTAC:S; (F): concentration-dependent degradation ability of purified hits
P3 and P4 (n = 2 in triplicates, error bars in SD).

substructure with a piperazine moiety in the linker. To confirm
our hits, we resynthesized P3 and P4 (Fig. 1E), purified the
compounds by preparative HPLC, and evaluated them in the
HiBiT lytic assay. We measured the dose-response at different
incubation times and determined the D,,,, and DCs,. P3 exhibited
a pDCs of 9.17 £ 0.06 and a Dy, 0f 91 £ 2% and P4 exhibited a
pDCso of 10.3 £ 0.2 and a Dy, of 96 + 1%, both after 18 h
incubation (Fig. 1F). After 6 h of incubation, we as well observed a
significant degradation of sEH (Fig. S4). The addition of control
compounds, comprising an sEH inhibitor, a proteasome inhi-
bitor, and a CRBN ligand, reversed the degradation effect
(Fig. S5). In a spiking experiment, adding sEH ligand A3 to
pure PROTACs P3 and P4 reduced degradation as higher
amounts of A3 outcompete the PROTAC from the binding site
of sEH-H (Fig. S6), consistent with earlier results (Fig. S1E).
This effect may cause false negatives, though potent PROTAC
P4 was discovered as a hit despite moderate conversion. Lastly,
we assessed the metabolic stability in rat liver microsomes and
observed minimal degradation (<15%) after one hour of
incubation (Fig. S7).

In this study, we successfully developed and optimized a
highly miniaturized D2B platform for the synthesis and biologi-
cal evaluation of PROTACs targeting sEH, utilizing click chem-
istry (CuAAC reaction). Our results demonstrate that the CuAAC
reaction can be effectively scaled down to reaction volumes as low
as 10 pL while maintaining high conversion rates, provided
appropriate plate formats and reagent concentrations are used.
By applying this workflow to a thalidomide-based azide library
and alkyne-functionalized sEH inhibitors, we achieved the paral-
lel synthesis of 92 unpurified potential PROTACs. Direct screen-
ing of crude reaction mixtures in a HiBiT lytic degradation assay

This journal is © The Royal Society of Chemistry 2025
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led to two hits that were resynthesized. These PROTACs exhibited
low nanomolar to subnanomolar DCs, values and degraded sEH
with a Dy, 0f 90-96%, validating the biological relevance of the
hits despite moderate reaction conversions in some cases.
However, we also observed that the residual unreacted alkyne-
functionalized sEH ligand can interfere with degradation activ-
ity, underscoring the importance of reaction completeness in
D2B workflows to avoid false negatives. Overall, our findings
establish a scalable, cost-effective, and time-efficient platform
for the discovery of PROTAC degraders in ultra-low volumes.
This methodology is particularly suited to evaluate the ‘“PRO-
TACability” of a protein of interest for which ligands are
available, as well as for early-stage screening and hit validation.
However, in this study we relied on a purchased small CRBN
ligand library with only moderate complexity. To increase
diversity and complexity in the linker and E3 ligase ligands, a
more diverse library will be established and evaluated in our
group in the future.
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